INTRODUCTION
Landslides were at least a $25,000,000 problem in the San Francisco Bay region during the rainy season of 1968-69 (Taylor and Brabb, 1972) . The U.S. Geological Survey, in cooperation with the U.S. Department of Housing and Urban Development, is studying these landslides and other geologic problems as part of a pilot project to test the usefulness of environmental resource data in improving urban planning and decisionmaking. One of the early products of this project is a landslide susceptibility map of San Mateo County at 1:62,500 scale (Brabb and others, 1972) . The map provides an easily read analysis of selected geologic factors related to landsliding in the county. Unfortunately, the cost and difficulty of preparing the map were greater than expected; therefore, simpler, less expensive, and smaller scale (1:125,000) maps are being prepared for the rest of the nine-county bay region.
The need for large-scale (1:62,500 and larger) landslide susceptibility maps has been firmly established in the San Francisco Bay region. The San Mateo County map has been used by the county to establish the density of development, to require geologic investigations before development is approved, and to prepare seismic safety, open-space, and conservation elements of the county general plan. A similar map at 1:24,000 scale is being prepared for the city of San Jose. Several other counties and cities have expressed the desire for these maps if the cost is reasonable, which generally means a few tens of thousands of dollars.
There is, in addition to the need for landslide susceptibility maps, a need for more understanding of the relative importance of all the factors related to the landslide process. Brabb, Pampeyan, and Bonilla (1972) selected the areal extent of landsliding in each geologic unit and the original slope as the most critical factors in San Mateo County, but other factors such as the orientation of bedding relative to the slope, nearness to faults, rainfall, and vegetation should also be investigated. They were not investigated for the San Mateo County map because no simple correlations could be established by visual inspection, and because of the great difficulty in analyzing several subtle factors simultaneously in a large area.
The purpose of this study was to determine if computer techniques could be used to make a landslide susceptibility map of a selected test area of approximately 15 square miles in San Mateo County at a reasonable cost, and to estimate the cost of preparing similar maps for representative counties in the San Francisco Bay region. The location of the test area is shown on figure 1. The investigation will be used to establish the methodology and eventually the cost for more sophisticated regional analyses of several factors related to the formation of landslides.
Evelyn Newman wrote most of the report and selected the computer methods used in the analysis. Arthur Paradis converted map information into numerical form (digitized) and wrote most of the computer programs. Earl Brabb wrote part of the report and was responsible for determining the scope and objectives of the investigation.
PREPARATION OF A LANDSLIDE SUSCEPTIBILITY MAP MANUAL METHOD
The original landslide susceptibility map of San Mateo County (Brabb and others, 1972) was prepared from an analysis of a geologic map (Brabb and Pampeyan, 1972a) , a landslide map (Brabb and Pampeyan, 1972b) , and an experimental slope map, all at 1:62,500 scale. The maps were originally used in the following manner:
1. The area of outcrop within San Mateo County was determined for each of the geologic formations (rock units) and some subunits on the geologic map using a grid overlay with a resolution of 0.01 mi2 (6.4 acres or 0.0259 km2 ) at the map scale.
2. The landslide inventory map was superimposed on the geologic map in order to identify the rock units in which slope failures had occurred. The areas that had failed in each unit were measured using the grid. 3. The rock units were then listed in order of percentage of their outcrop areas that have failed by landsliding (see table 1 ).
4. The highest class of susceptibility (7) was assigned to the landslide deposits.
5. Other class limits were established at selected intervals on the list, and a class number from 1 to 6 was assigned to the map units. That number represents the relative susceptibility to landslide failure of any particular geologic unit.
6. The slope map was then superimposed on the combined geologic map and landslide inventory and systematically examined to determine the slope intervals with maximum landslide frequency for each map unit. In every landslide locality, an attempt was made to determine the original slope before the landslide moved. Those slope inter- [From Brabb and others, 1972] Proportion of surface Rock unit on geologic map by of rock unit that has Brabb and Pampeyan (1972a) vals having the greatest number of landsides were then labeled with the highest class number. Slope intervals showing significantly fewer landslides were labeled with lower class numbers. Thus, a geologic unit having a maximum susceptibility of 3 would be labeled with that number on steep slopes, and with 2 or 1 on more gentle slopes with significantly fewer slides. About 6 man-months of very tedious and meticulous labor were required to prepare the landslide susceptibility map of the entire San Mateo County area. The estimated cost was about $30,000.
COMPUTER METHOD
The same geologic, landslide, and slope maps for the test area were analyzed using a computer, but the procedures varied from the manual method.
GENERATING GRID-CELL MAPS
We experimented with two grid-cell sizes, 500 feet (152.4 m) on a side and 250 feet (76.2 m) on a side at map scale. The larger grid was designed to correlate with the 500-foot reliability figure mentioned by Brabb, Pampeyan, and Bonilla (1972) , but the maps produced were too generalized and had such a blocky appearance in relation to the original maps prepared manually that we chose to use the smaller grid (see fig. 2 ). The 250-foot (1.4 acre) cell size ensured that the smallest landslide and geologic units and most of the detailed slope units would be mapped; however, it may be beyond the limits of accuracy of the original data. Further experimentation with grid-cell sizes between 250 and 500 feet is warranted but was not possible during the present investigation. The 1.4-acre cell size produced 6,734 grid cells in the test area, which was within the computer processing limitation of 10,000 cells. (That limit has been increased to 40,000.) To be used by the computer, map data must be in numerical (digital) form. The unit boundaries from the geologic map, landslide map, and slope map were first translated into x, y coordinate locations using a CALMA digitizer and its related processing programs. The computer program CELSET (program A, p. 12) converted the coordinate data into grid-cell data, assigning the appropriate values of geology, landslide, and slope to the center of each grid cell. The gridcell maps were plotted and checked against the originals (pi. 1).
ASSIGNING PRESLIDE SLOPES
We attempted to program the computer to assign preslide slopes to the landslide units, because manually derived preslide slopes were B C D used by Brabb, Pampeyan, and Bonilla (1972) to adjust the landslide susceptibility numbers. In general, landslides form steeper slopes in the headwall and toe areas and gentler slopes in the middle as compared to the original surface. The programs tried to determine preslide slope, but the results were unsatisfactory. We have tentatively decided that the geologist can do this part of the operation mre effectively than the computer. Accordingly, we used the matrix developed by Brabb, Pampeyan, and Bonilla (1972) in table 1 to adjust the landslide susceptibility numbers for each slope interval.
ASSIGNING LANDSLIDE SUSCEPTIBILITY NUMBERS
A computer program was written and tested for listing the geologic units with the proportion of their outcrop areas that had failed by landsliding in each slope interval. This subroutine CHARTX (program B, p. 14) (1) totaled the number of grid cells of each geologic unit in each slope interval, (2) totaled the number of grid cells of each geologic unit in each slope interval that had failed by landsliding, (3) computed the percentage of failure, (4) assigned the landslide susceptibility number on the basis of the percent-failure category, and (5) printed a chart of the above totals, percents, and landslide susceptibility categories assigned.
A map produced from these data would be representative of the test area but not of the county as a whole. To compare the manually produced map and the one produced by a computer, we gave the computer the landslide susceptibility numbers for the entire county used by Brabb, Pampeyan, and Bonilla (1972) as input data in the form of a 9 x 6 matrix. The computer program COMPOS (program B) then (1) located the geologic unit and slope category for each grid cell, (2) assigned each cell the landslide susceptibility number for that geologic unit and slope interval as found in the matrix, and (3) punched cards containing the landslide susceptibility numbers. The resulting grid-cell landslide susceptibility map is shown on plate 1 along with the manually prepared map.
PLOTTING THE DATA
In order to check the digitized input data, the landslide, geologic, and slope grid-cell maps were plotted. Program PLTCEL (program C, p. 19) (1) derived regions of common value by eliminating the boundaries between adjacent cells of equal value, (2) labeled the regions, and (3) punched output cards for use on plotter. The plotting program is versatile in that any map may be plotted within the boundary dimensions of the plotter (29 inches (73.66 cm) in one direction and 110 feet (33.528 m) in the other). We plotted an unlabeled 1:62,500 map for comparison with the manually compiled maps (pi. 1), and a larger, labeled map for readability and ease of checking map labels ( fig. 3 ).
COLOR OUTPUT
The landslide susceptibility data were converted into three magnetic tape files for use on an image recorder. This unit reads the magnetic tape and exposes color film with blue, green, and red filters. Each tape file defines the amount of light needed to pass through the corresponding filter so that a unique color results for each code (pi. 1). The tape can be used with several film types: polaroid for quick-look, color negative, or color positive. Each tape file may also be exposed on separate pieces of color film in order to give the blue, green, and red separates needed in some printing processes. The program CAT2DICO that converted the grid-cell format into the image recorder format was developed by Robert E. Slye of Ames Research Center and is currently in use there.
COST ANALYSIS
The cost of producing the computerized landslide susceptibility map with a 250-foot grid is $500 to $800 for a test area of approximately 15 mi2 (39 km2). The figures include digitizer, computer, labor, and overhead expenses. The estimated amount and times, shown in table 2, apply to nine counties in the San Francisco Bay region and are not meant to be universally valid. They indicate a reasonable range of expected values and assume availability of adequate geologic, landslide, and slope maps.
The wide range of estimated cost is due to uncertainties in the cost of digitizing slope maps and to uncertainties in predicting problems over large areas. The first county to use the computer system should expect the cost to be relatively high on the scale. As experience is gained, the cost and time should be reduced, except in counties where differing rock types require additional factor analysis. 
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CONCLUSIONS
The ability to produce a computerized landslide susceptibility map has been demonstrated. Computerized maps can be generated in approximately the same time as and at less cost than a comparable map compiled manually, and with the following benefits: computer compilation (1) frees the scientist from the drudgery of meticulous labor, allowing more time to concentrate on investigating other factors that relate to landslide susceptibility, (2) eliminates errors in human calculation, assuming the input data and programs have been thoroughly checked before being processed, and (3) creates a data bank for use in future mapping in the same area when additional factors related to landsliding are discovered.
On the other hand, the computer process is not automatic. Considerable judgment is still required from the geologist and the programmer in preparing the map. More testing of larger areas and testing of different geologic terranes are required before this method can be considered reliable, but the results so far are highly encouraging.
PROGRAM A. MAP CONVERSION TO GRID-CELL ROUTINES
Program CELSET and its two related subroutines MASKP and PLYTST are designed to accept (x, y) coordinate data and related numeric codes that represent map unit boundaries. The output is a matrix of cells to which the codes have been assigned. The program listings below contain many comments to help the reader understand the conversion method.
The programs listed here were created for use on the CDC 7600 computer at the Lawrence Radiation Laboratory in Berkeley, Calif. Some of the code would have to be modified before use on other computer systems. We have tried to indicate where this would be necessary. 
PROGRAM B. LANDSLIDE SUSCEPTIBILITY CATEGORY ASSIGNMENT ROUTINES
Program COMPOS uses slope, landslide, and geologic grid-cell data as input. It combines the data to produce landslide susceptibility categories as output in punched card form. The DATA statement contains the matrix data mentioned in the text and would be deleted or at least modified for future jobs.
Subroutine CHARTX produces a tabular output of the assignments to landslide susceptibility categories and area totals for each geologic type and slope category. The table at the end of CHARTX is an example. The data were used only to test the program. We checked the totals using a planimeter, and in each case the category assignment agreed with the computer. 
PROGRAM C. PLOTTING ROUTINES
Program PLTCEL and its related subroutines CELPLT, CFOLLW, CHKCEL, and DGBITR are utilized in conjunction with local installation Calcomp plotting routines (SYMBOL and PLOT) to produce a labeled plot like the one shown in figure 3 . Comments within the listings describe the method by which grid cell data are converted to common regions and plotted. <t.
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